In a previous study, a recombinant plasmid that contains a CACAG pentanucleotide repeat was isolated from a Pasteurella haemolytica A1 library. Southern hybridization analysis using a (CACAG) 5 probe indicated the presence of two loci that contain the pentanucleotide repeats on the genome of P.haemolytica A1. Additional hybridization analyses against genomic DNA from related microorganisms indicated that the repeats are only present in P.haemolytica and Pasteurella trehalosi T3. The various serotypes of P.haemolytica were found to have either one or two of the CACAG repeatcontaining loci. Examination of the locus designated Rpt2 by PCR and sequence analysis indicated that the number of CACAG repeats could change upon serial subculture which most likely occurs as a result of DNA slipped-strand mispairing. A plasmid carrying the Rpt2 locus was isolated and characterized. Sequence analysis indicated that the CACAG repeats are contained within the 5′-end of a gene that showed homology to mod genes of type III restriction-modification systems. A second open reading frame downstream was identified which showed homology to res genes of type III restriction-modification systems. Both the modification and restriction proteins could be expressed and polypeptides of the expected sizes were detected by SDS-PAGE. Restriction activity could also be detected in crude cytoplasmic extracts of Escherichia coli strains carrying the mod and res genes on recombinant plasmids.
INTRODUCTION
The involvement of repeat sequences in the modulation of prokaryotic gene expression has become increasingly evident. Repeat sequences, either as a run of the same nucleotide or a repeated motif of 2-5 nt, have been shown to be directly responsible in switching on and off the expression of genes (1) . This is primarily due to slipped-strand mispairing over the repeat sequences or other polymerase slippage processes creating frameshift mutations which result in translation of the mRNA in alternate reading frames and premature termination of translation (2) . Some examples of these are found in the antigenic variation of the LPS/LOS epitopes in Haemophilus influenzae (3) (4) (5) , Haemophilus somnus (6) and Neisseria gonorrhoeae (7, 8) , phase variation of the opacity proteins of N.gonorrhoeae (9) and phase variation caused by the vir locus of Bordetella pertussis (10) .
Pasteurella haemolytica A1 is the microorganism responsible for bovine pneumonic pasteurellosis, a major cause of sickness, death and economic loss to the feedlot cattle industry (11, 12) . During our studies on the characterization of genes coding for antigenic proteins of P.haemolytica A1, we isolated a recombinant plasmid that contains 58 copies of a CACAG pentanucleotide repeat on the DNA. At the same time, Highlander and Hang (13) reported the cloning and characterization of alxA which also contains CACAG repeats and is involved in regulation of the leukotoxin determinant of P.haemolytica A1. A comparison of the unique flanking sequences showed that our CACAG-containing locus (Rpt1) is the same as alxA. Subsequent Southern hybridization analysis showed that there are two loci that contain this CACAG repeat in the genome of P.haemolytica A1. Here we describe the characterization of this second locus (Rpt2) and show that it is associated with a novel type III restriction-modification (R-M) system. This is the third R-M system reported in P.haemolytica, the others being a type I reported by Higlander and Garza (14) and a type II reported by Briggs et al. (15) . Interestingly, the P.haemolytica type I hsdM gene is located in the alxA locus that contains the same CACAG pentanucleotide repeats (13) . Recently, an analysis of the complete genome sequence of Helicobacter pylori showed that the genes that code for a R-M system also contain repeat sequences, though they are mostly homopurine or homopyrimidine repeats (16) . Therefore, the presence of repeat sequences in genetic loci coding for R-M systems may be a common phenomenon as more are being characterized.
Type III R-M systems form a small group of enzymes with four relatively well characterized members. The best characterized and most closely related members of the group are EcoP1 and EcoP15, which are found on the P1 prophage and p15B plasmid of Escherichia coli 15T -respectively (17, 18) . HinfIII from H.influenzae Rf is also a member of the type III R-M systems. HinfIII was identified as a type III R-M system based on the nature of its cleavage pattern as well as the cofactors required for activity (19) (20) (21) . The genes of HinfIII have not been identified in the available sequence data, so little can be said as far as homology between this system and other members of the group. However, a gene identified as a result of total genome sequencing of H.influenzae (22) shows some homology to the mod gene of the type III R-M systems. Recently, a type III R-M system from Salmonella enterica serovar Typhimurium, designated StyLT1, was identified, cloned and sequenced (23, 24) . A gene identified in Bacillus cereus (25) also shows homology to the mod and res genes of S.enterica serovar Typhimurium and E.coli, but no further studies on this R-M system have been reported.
MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions
Pasteurella haemolytica, Pasteurella trehalosi and Pasteurella multocida reference strains and clinical isolates were provided by Dr P. E. Shewen (Department of Pathobiology, University of Guelph). Actinobacillus pleuropneumoniae was provided by Dr S. Rosendal and Dr J. MacInnes (Department of Pathobiology, University of Guelph). Haemophilus somnus was obtained from the Veterinary Diagnostic Laboratory at the Ontario Veterinary College. Escherichia coli DH5α and BL21(λDE3) were obtained from Dr C. Whitfield (Department of Microbiology, University of Guelph). Pasteurella and Actinobacillus strains were stored at -80_C in glycerol stocks and grown at 37_C in brain-heart infusion broth (BHI) or on blood agar (BA) plates. Haemophilus somnus was grown in BHI broth supplemented with 0.1 mg/ml thiamine monophosphate and 1 mg/ml Tris. Escherichia coli host strains as well as clones were stored at -20_C in glycerol stocks and grown in LB supplemented with 100 µg/ml ampicillin (amp) or 30 µg/ml kanamycin (kan) when necessary.
General DNA methods
Restriction and modifying enzymes were obtained from Pharmacia Chemicals (Dorval, Quebec, Canada) or Gibco BRL (Burlington, Ontario, Canada) and were used according to the manufacturers' instructions. Both genomic and plasmid DNA were prepared using Qiagen columns (Chatsworth, CA) according to the manufacturer's instructions. The Instagene kit (Bio-Rad Laboratories, Mississauga, Ontario, Canada) was also used according to the manufacturer's protocol to prepare genomic DNA from single colonies for use as PCR template. Nucleotide sequencing was carried out at the Laboratory Services Division, OMAFRA, University of Guelph, using an Applied Biosystems International (ABI) 377 Prism automated sequencer (ABI, Foster City, CA). The DNA templates were prepared either as described above or, alternatively, prepared directly from an overnight culture using proteinase K digestion of bacterial cells (26) .
The nucleotide sequences were analyzed using the software programs Gene Runner (Hastings Software, New York, NY) and PC/Gene (IntelliGenetics, Mountain View, CA). Nucleotide and amino acid sequence homology comparisons were carried out with GenBank DNA and protein sequence databases using the National Center for Biotechnology Information BLAST network server (27, 28) .
Subcloning of DNA fragments
DNA fragments for subcloning were recovered after digestion with the appropriate restriction endonuclease(s), separated on a low melting point agarose gel and purified using the Geneclean Kit (BIO101, Vista, CA) according to the manufacturer's instructions. PCR products were purified with nucleotide removal columns (Qiagen) before digestion with the appropriate restriction enzymes. The plasmid vector was also digested with the appropriate enzymes and purified using the Geneclean protocol. Ligation reactions were set up using various ratios of vector to insert and T4 DNA ligase (Gibco BRL). The reaction was placed at 14_C overnight and then used to transform or electroporate competent E.coli cells.
Polymerase chain reaction
The primers used for PCR reactions are given in Table 1 . For amplification of the repeats, a typical reaction contains (in a final volume of 100 µl): 400 ng DNA template, primers at a final concentration of 0.3 µM, dNTPs at a final concentration of 0.2 mM, 2.75 mM MgCl 2 and Taq polymerase (Boehringer Mannheim, Laval, Quebec, Canada). A 3 min hot start at 95_C was employed and then Taq polymerase was added. DNA was amplified using 30 cycles of 1 min at 95_C, 1 min at 48_C and 30 s extension at 72_C in a Perkin Elmer Cetus DNA 480 Thermocycler (Foster City, CA).
For amplification of the mod/res genes, Pwo polymerase (Boehringer Mannheim) was used. Reactions of 100 µl were set up according to the manufacturer's instructions, with a final Mg 2+ concentration of 3 mM. The amplification reaction was carried out with an initial 2 min at 94_C followed by 10 cycles of 15 s at 94_C, 30 s at 56_C and 4 min elongation at 72_C. This was followed by 10 more cycles with an increase of 20 s elongation time per cycle. The positions of the Rpt1 primers are from our unpublished data of the Rpt1 locus. The positions of the Rpt2 and mod/res primers with respect to the sequence deposited in GenBank (accession no. AF060119) are given in parentheses. NdeI and BamHI sites incorporated into mod/res cloning primers are underlined.
Preparation of hybridization probes and Southern hybridization
An oligonucleotide (CACAG) 5 probe was synthesized using an ABI 391 PCR-mate DNA synthesizer. The probe was labeled using the DIG Oligonucleotide 3′-end-labeling system (Boehringer Mannheim) according to the manufacturer's instructions. For Southern hybridization, the DNA was transferred by capillary blotting or alkaline downward transfer onto nylon membranes (Qiagen) and fixed to the membrane by UV cross-linking (Stratagene, La Jolla, CA). The membrane was then pre-hybridized for at least 1 h in prehybridization buffer [5× SSC (20× SSC = 3 M NaCl, 0.3 M Na 3 citrate), 0.1% N-lauryl sarcosine, 0.02% SDS, 2.0% blocking reagent; Boehringer Mannheim]. Hybridization was carried out in the same buffer with added probe for 2 h. Hybridization and prehybridization were carried out at 68_C. Filters were then washed twice for 5 min in 2× SSC, 0.1% SDS at room temperature and then twice for 15-30 min in 0.1× SSC, 0.1% SDS at the hybridization temperature. Chemiluminescence detection was carried out as recommended by the manufacturer (Boehringer Mannheim). The same conditions were used for hybridization and screening recombinants in colony blots.
Screening of pBR322 plasmid bank
A P.haemolytica A1 clone bank was screened by transforming it into E.coli HB101 and then filtering onto hydrophobic grid membrane filters (QA Laboratories, Toronto, Ontario, Canada) as described (29) . Colonies on filters were grown overnight and then replicas were made onto nitrocellulose membrane (Xymotech, Ontario, Canada). The replicas were then incubated as plate overlays for 2 h and the colonies hybridized with the (CACAG) 5 probe according to the DIG user's manual. Positively hybridizing colonies were recovered from master filters and rescreened for hybridization with the (CACAG) 5 probe. Plasmid DNA was prepared from the positive clones and used in restriction digests and Southern hybridizations to confirm that the plasmid carried the repeats locus.
Serial subculture of P.haemolytica PS82 and PL6
Initial cultures were prepared from glycerol stocks on BA plates which were incubated at 37_C overnight. A single colony was picked from each Petri plate and used to inoculate an overnight BHI broth culture as well as to prepare DNA template for PCR. The broth culture was diluted and 0.1 ml aliquots of the 10 -7 and 10 -8 dilution were spread on BA plates and grown overnight. A single colony was picked from each Petri plate and again was used to inoculate an overnight culture and to prepare template. These cultures were diluted and plated as before and five single colonies were picked from each plating. Again overnight cultures were prepared from each colony and template was prepared. The dilution, plating and template preparation procedure was then repeated.
In vivo labeling of plasmid-encoded proteins
Broth cultures of E.coli BL21(λDE3) carrying pET30a, pPS82r/mIII and pPS82∆r/mIII were grown overnight in LB+kan broth. A 1/50 subculture was made in LB+kan broth and grown to an OD 550 of 0.6 (∼1.5 h). Cells were harvested from 1 ml culture and washed twice in 1 ml of Davis medium (30) . The pellet was then resuspended in 1 ml of Davis medium+kan, followed by incubation at 37_C for 90 min. At this point 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to one set of samples for induction while the controls used to examine basal level of expression received no IPTG. The cultures were incubated for an additional 20 min, after which 44 µl of 10 mg/ml rifampicin was added to inhibit host RNA polymerase-directed protein synthesis. After incubation for a further 30 min, samples were labeled for 60 min by the addition of 25 µCi [ 35 S]methionine (ICN Biochemicals, Montreal, Quebec, Canada). The labeled cells were collected by centrifugation, washed twice in cold sterile phosphate-buffered saline, resuspended in 50 µl of SDS sample buffer (31) and 10-20 µl was analyzed by SDS-PAGE (31) . After drying, the gel was exposed to Biomax X-ray film for 2-5 days at -20_C.
Crude cytoplasmic extract preparation and assay for endonuclease activity
Crude extracts were prepared from E.coli carrying pET30a, pPS82r/mIII and pPS82∆r/mIII according to Schleif (32) . Briefly, 25 ml cultures were grown and induced as above. Afterwards, the cell pellets were resuspended in 0.5 ml of 0.01 M Tris-HCl (pH 7.9) and 0.01 M β-mercaptoethanol. The suspensions were then sonicated for 4 × 15 s intervals. To each sample, 0.5 ml dH 2 O, 0.25-0.3 g of dextran-PEG polymer and 0.64 ml of 4 M NaCl was added. The samples were then mixed for 5 min and then centrifuged for 10 min at 5000 g. Two microliters of cytoplasmic extract was used to digest ∼1 µg of DNA for 1 h in a buffer containing 100 mM HEPES (pH 8.0), 0.25 mM EDTA, 6.4 mM MgCl 2 , 12 mM β-mercaptoethanol and 0.4 mM ATP (33) . DNA in the reaction products was then visualized by agarose gel electrophoresis.
RESULTS AND DISCUSSION
Southern hybridization studies
The presence of the CACAG repeats among the various P.haemolytica serotypes as well as in a panel of microorganisms was examined by Southern hybridization. Examination of genomic DNA from P.haemolytica serotypes as well as P.trehalosi T3, T4 and T10, P.multocida, H.somnus, H.influenzae, A.pleuropneumoniae, Klebsiella pneumoniae, E.coli, S.enterica serovar Typhimurium, S.enterica serovar Borreze and Proteus mirabilis showed that the CACAG repeat is present only in P.haemolytica and P.trehalosi T3. The different serotypes of P.haemolytica varied in the number of repeats loci that they carry. Pasteurella haemolytica serotypes 1, 5, 6, 8, 9, 11 and 14 have two repeats loci whereas serotypes 2, 7, 12, 13 and 16 as well as P.trehalosi T3 have only one repeats locus. Examples of these hybridization results are shown in Figure 1 .
Cloning of the Rpt2 locus in P.haemolytica A1
A P.haemolytica pBR322 clone bank in E.coli HB101 was screened by Southern colony hybridization with the (CACAG) 5 probe. A 20 kb plasmid, pRPT2, was isolated and subsequent analysis showed that this plasmid carried the Rpt2 repeats region. The repeats in pRPT2 are carried on a 2.1 kb AccI fragment, not present in the Rpt1 locus. Digestion of plasmid DNA with ClaI and Southern hybridization showed that the repeats region could be localized to a 5 kb ClaI fragment which was subcloned into pBR322 to produce the plasmid pRPT2.1. The restriction maps of relevant sections of pRPT2 and all of pRPT2.1 are shown in Figure 2 . The DNA flanking the repeats in pRPT2 was then sequenced.
Nucleotide sequence analysis and position of repeats
The nucleotide sequence of the cloned Rpt2 locus was found to contain 25 copies of the CACAG repeats. Analysis of the nucleotide sequence flanking the repeats showed that the repeats are located within an open reading frame (ORF) which exhibits significant homology to the modification genes (mod) of both the E.coli and S.enterica serovar Typhimurium type III R-M systems (24, 34) . Immediately following mod, a second ORF which showed homology to the restriction endonuclease components of the same systems (res) was found (24, 34) . The relevant section of the mod gene showing the location of the CACAG repeats is Table 2 . Homology to putative type III mod/res genes of H.influenzae (22) and H.pylori (35) from the total genome sequence data was also detected. Although no res gene has been identified in the H.influenzae genome sequence, by taking nucleotide sequence downstream of the H.influenzae mod and searching in all three frames, a low level of homology was found to known res/Res. Possible errors within the H.influenzae sequence resulting in frameshifts could account for the low level homology observed. Although overall identity/similarity at the nucleotide and amino acid level of both genes is not high, there are definite regions/ domains which are highly conserved among the various Mod and Res proteins. 
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In general, the Mod proteins have been shown to be most highly conserved in the N-and C-terminal thirds of the molecule with relatively low conservation in the central portion (34, 36) . It has been proposed that the central portion may be involved in target sequence recognition and binding (37) as well as the binding of the methyl donor (37) since one would expect the methyl donor to be kept close to its target. The conserved regions are proposed to be involved in protein-protein interactions between Mod and Res, although there is no experimental evidence to support this proposal. A similar pattern of homology can be seen when P.haemolytica A1 Mod is aligned with known Mod sequences (Fig. 4) . When the P.haemolytica A1 Res protein was compared with homologous Res proteins, conserved functional domains were also observed (data not shown). It has been suggested that the Res proteins contain a central region of high homology which is involved in interaction between the Mod and Res subunits. It was also shown by Gorbalenya and Koonin (38) that the Res proteins contain seven sequence motifs characteristic of DNA and RNA superfamily II helicases. These domains were also present in the P.haemolytica A1 Res. The precise role that these motifs play in DNA restriction has not been resolved.
PCR and Southern hybridization of the repeats loci
PCR primers which flank the repeats were used to amplify the Rpt1 and Rpt2 loci in P.haemolytica PS82 (serotype A1) and A2 and P.trehalosi T3, as well as in a number of P.haemolytica clinical isolates. The PCR products were confirmed by Southern hybridization to show that the region amplified did in fact contain the repeats. The results revealed a difference in the size of the PCR products (data not shown). Subsequent sequence analysis confirmed that the number of CACAG repeats carried on these PCR products ranges between 10 and 48 which could account for the differences in sizes observed. Further, P.haemolytica serotype A2 could only be amplified using the Rpt2 primers and P.trehalosi T3 repeats could not be amplified using either Rpt1 or Rpt2 primers. This suggests that the CACAG repeats could be located in a DNA locus distinct from the Rpt1 and Rpt2 loci in P.haemolytica or, alternatively, there are sufficient differences in the primer regions to prevent annealing and subsequence amplifications.
Changes in the numbers of repeats in Rpt2 upon serial subculture
The above data show that the number of copies of the repeats that are present will influence the reading frame of the mod gene. Addition (or deletion) of one or two of the repeat units will alter the reading frame resulting in premature termination of translation of mod (Fig. 3) and most likely abrogate translation of res due to polarity. Experiments were carried out to investigate changes in the CACAG repeats upon serial subculture in P.haemolytica A1 strain PS82 and a clinical isolate, PL6. Initial sequence analysis of the Rpt2 locus using genomic DNA preparations indicated that PS82 and PL6 contained 27 and 28 copies of the repeats, respectively. The PL6 clinical isolate has 28 copies of the repeats when first examined from the glycerol stock and was found to increase to 29 and then up to 30 upon three serial subcultures. PS82 remained stable with 28 copies throughout serial subculture, however, this is one more than the original genomic DNA preparation of this same isolate. It was also observed that the number of repeats could change in different plasmid DNA preparations of pRPT2 and pRPT2.1. Therefore, the presence of the CACAG repeats could be a built-in genetic mechanism that modulates the expression of the type III R-M system.
Subcloning and expression of the mod and res genes
Primers were designed for PCR amplification of the mod and res genes for cloning into the expression vector pET30a. In the pET30a expression system, genes are expressed from the T7 promoter using an IPTG-inducible T7 RNA polymerase provided on the λDE3 lysogen within the E.coli BL21(λDE3) host. Within the multiple cloning sites of the vector is a NdeI site at an appropriate distance from the promoter such that DNA cloned into the site creates a start codon for expression. The upstream and downstream primers were designed to contain NdeI and BamHI sites, respectively (see Table 1 ), to facilitate cloning of the PCR products into the vector. After PCR amplification the products were cloned into pET30a and introduced initially into E.coli DH5α. This strain was chosen because it does not have a λ lysogen and therefore should not allow expression of the cloned genes. This was important for cloning of a restriction system since it has been reported that it is not possible to introduce both components of the StyLT1 system at the same time into a naive host (39) . A plasmid carrying the mod/res insert was isolated and designated pPS82r/mIII. A deletion of pPS82r/mIII was made in which the 2.5 kb NdeI-AvaI fragment was recloned back into pET30a at the NdeI and XhoI sites. This subclone, pPS82∆r/mIII, had most of the res gene removed but the mod gene intact. The restriction maps of pPS82r/mIII and pPS82∆r/mIII are shown in Figure 2 .
After the plasmid constructs were verified, they were introduced into E.coli BL21(λDE3) and the plasmid-encoded proteins labeled with [ 35 S]methionine. The results in Figure 5 show that additional labeled bands were detected from pPS82r/mIII at ∼100 and 90 kDa as well as one at 80 kDa. When pPS82∆r/mIII was In that system, it was hypothesized that there must be an accumulation of Mod before Res can be produced. Alternatively, the DNA may be cleaved when the complete R-M system is present, which would reduce overall expression of the proteins as compared with the situation in which only the Mod is expressed.
Endonuclease activity
Studies of R-M systems usually include assays which examine a decrease in the plating efficiency of phage in the presence of the R-M system. The decrease is dependent on the system being studied but is generally of the order of 10 1 -10 5 (41). However, plating of phage to examine the activity of the cloned P.haemolytica type III R-M system was unsuccessful with results that were unpredictable and unreproducible (data not shown). Perhaps this is due to the nature of the repeats affecting expression of the system. Because of these problems, endonuclease activity was assayed in crude cytoplasmic extracts from E.coli clones. Preliminary results of DNA digestion with extract from E.coli clones carrying pET30a, pPS82r/mIII or pPS82∆r/mIII showed that there is additional digestion of the DNA substrates with extracts carrying the complete restriction system and that this additional digestion is decreased in samples using extract from the clone carrying pPS82∆r/mIII (data not shown). The results were reproducible and the nuclease activity always increased when mod and res were present. This demonstrates that the products of the genes cloned have DNA restriction activity, but this is only a preliminary assay and more definitive results would require purification of the Mod and Res proteins for detailed biochemical studies.
Having a mechanism to turn a R-M system on and off at high frequency may not seem of any purpose if the system is really a protection mechanism for the host that carries it. However, R-M systems are not efficient protection mechanisms. It has been estimated that at a low frequency of 10 -2 -10 -6 , foreign DNA from a phage can be modified before it is restricted (42). This modified phage could then propagate more modified phages until all susceptible phages are eliminated and only modified phages remain. However, if the system can be turned on and off at high frequency, there will be a mixed population of cells in the 'ON' and 'OFF' phases. Even if the phage DNA is modified, there is a probability that the next cell the modified phage infects will be in 'OFF' phase. This cell will be susceptible to the infecting phage, however, the progeny phages will contain DNA which is unmodified. This may increase the length of time it takes for all the DNA in the phage population to be completely modified, resulting in a phage population that is no longer susceptible to the restriction system.
Genetic manipulations in P.haemolytica are difficult due to an inherent inability to transform it with foreign DNA. This is thought to be at least partially due to restriction of the foreign DNA by P.haemolytica. Studies by Briggs et al. (15) on a P.haemolytica type II R-M system showed that by expressing its specific methyltransferase in E.coli, recombinant plasmids could be modified in E.coli which then showed an increase in the efficiency of transfer into P.haemolytica. However, the levels were not as high as the transfer of plasmids directly isolated from P.haemolytica. Recently a type I R-M system has been reported by Highlander and Garza (14) . Interestingly, the modification subunit of this type I R-M system is fused to a putative leucine zipper, alxA, which contains the Rpt1 locus of CACAG repeats. Thus it appears that P.haemolytica possesses three R-M systems as barriers for the introduction of foreign DNA. Perhaps by modifying foreign DNA with the methyltransferases from all three systems, success in the introduction of DNA into P.haemolytica can be obtained.
